Abstract-Just as for measured evaluations, the calculation of ambient levels of radiofrequency (RF) electric and magnetic fields for hazard assessments can entail random uncertainty, the extent of which depends on: how well the method of analysis approximates the governing electromagnetic equations (i.e. Maxwell's equations); how closely the modeled object represents its real counterpart in form and composition, and; computational round off error. While uncertainty estimates are commonly required for RF measurements, they are rarely provided for calculated assessments. In this paper, a process for calculating uncertainty for calculated assessments is proposed. It incorporates a series of validation tests which are used to gauge the uncertainty in the computational technique and round off error. The comparator in the validation tests must be independent of the technique (e.g. measurement of antenna gain) and may vary for different types of analyses (e.g. full wave solutions vs ray tracing methods). Variational targets are set for the validation tests, and the uncertainty estimate for computational uncertainty diminishes as more tests are passed. Once determined in this way, the standard uncertainty for computational technique is then combined in a multiplicative model with standard uncertainties for other influence quantities such as forward power to the antenna and field scattering effects of nearby objects. By using the proposed approach, it will be possible to provide systematic corrections and uncertainty estimates for calculated assessments as they are for RF measurements, thereby allowing meaningful comparisons between them.
I. INTRODUCTION
In Australia and many other countries, there are standards or guidelines that prescribe safe limits of human exposure to radiofrequency (RF) electric (E) fields, magnetic (H) fields and power flux densities (S) [1] [2] [3] . Evaluation of RF E, H and S exposure levels for assessment of compliance to these limits can be conducted by either measurement or calculation [4, 5] .
Uncertainty analysis is necessary for determining the degree of confidence in a measured/calculated level, and thereby serves to qualify RF exposure assessments. It is particularly relevant for compliance assessment schemes that specify decision rules for considering uncertainty in determining conformance with specifications [6] . It makes sense to penalize high uncertainty, 'low quality', evaluations when assessing RF hazard compliance since large uncertainty bounds in evaluated levels could substantially erode safety margins in exposure limits. In addition, when auditing RF exposure compliance, it is impossible to validly determine if two assessments are significantly different without uncertainty estimates for each evaluation. Lastly, an uncertainty analysis is very helpful in identifying how the various characteristics, or influence quantities, of an evaluation system contribute to the random and systematic error of the evaluation. It is thus a very good teaching tool for understanding and improving the quality of evaluations.
For measured evaluations of RF exposures, it is standard good practice to provide uncertainty estimates of reported E and H levels, especially if conducted in accordance with a quality accreditation agency such as the National Association of Testing Authorities (NATA) in Australia. However, there has been no corresponding expectation or requirement of uncertainty estimates for calculated E and H evaluations of human exposure. This anomaly seems to be largely due to a general perception that such estimates are too difficult to quantify, and that there is lack of guidance on how to do them. The aim of this paper is to address this lack by proposing a methodology that would enable assessors to conduct uncertainty analyses for calculated evaluations of RF E and H exposure levels. This methodology draws on the advice of the ISO Guide for Uncertainty in Measurement (ISO GUM) [7] and its interpretation by Cook [8] .
II. IDENTIFYING THE INFLUENCE QUANTITIES
The uncertainty in a measured or calculated assessment is usually an aggregate outcome of the random error in several influence quantities. A necessary first step in developing an uncertainty estimate is to identify and characterize all of the significant influence quantities that affect the evaluation. Influence quantities that should at least be considered for calculated evaluations of RF exposures are:
1. Radiated power of the RF source a. Transmitter power output b. Transmission line and connector/component losses c. Impedance mismatches between the transmitter and the radiating element 2. The accuracy of the modeling technique, including numerical round off error 3. Gain pattern of the antenna 4. Field scattering effects from nearby objects and the ground III. THE MODEL An essential requirement for an uncertainty analysis affected by multiple influence quantities is to specify a mathematical model for calculating the combined effect of the influence quantities. Such a model provides the basis for calculating the combined standard uncertainty, u c , and the effective degrees of freedom, ν eff .
An exact and rigorous specification of a model for calculating the effect of influence quantities on calculated RF E, H and S evaluations would likely be a very difficult task. However, for most cases, the following simple multiplicative model commonly used for combining RF measurement uncertainties will suffice:
where:
F is the estimate of the true field strength level (E, H or S) at the evaluation point F 0 is the evaluated level from the calculation Using a dB log transformation, this model may be expressed more conveniently as a linear series of dB variational terms as follows:
Δf is the total dB variation in F due to the corrections of the influence quantities, g i . g 1 , g 2 , … g N , … are the dB corrections (with associated uncertainties) of the influence quantities.
Each g i may be considered to consist of a systematic correction, t i , as well as a random error which may be characterized by the standard uncertainty, u i , of the influence quantity.
Note that when the variation in the correction factor is expressed relative to changes in E or H then the dB variation is calculated as g i = 20.log 10 (G i ).
Conversely, if the variation in the adjustment factor is expressed relative to changes in E², H² or power flux density (S) then the dB adjustment factor variation is calculated as g i = 10.log 10 (G i ).
The dB log transformation of the model allows the multiplicative corrections (G i ) to be treated as a series of linear terms (g i ) so that the combined standard uncertainty, u c , the combined correction factor, t c , and the effective degrees of freedom, ν eff , can be simply calculated as Using a dB scale for expressing uncertainties is common practice when estimating measurement uncertainties for RF levels. Compared to a percentage scale, it better allows for typically large variations (±3dB, c.f. +100% / -50%) and leads to more symmetric error distributions.
IV. SOME GENERAL PRINCIPLES

A. Standard uncertainty
The random error of each influence quantity follows a probability distribution which can be quantified by its standard uncertainty, u(x i ). Sometimes the probability distribution of an influence quantity can be determined by a simple repeated measures approach, i.e. Type A evaluation as described in the ISO GUM [7] . However, for RF assessments Type B evaluation is normally required which entails the determination of uncertainties by means other than established statistical methods. It may incorporate for instance data provided by others, such as uncertainties on a calibration certificate or from the manufacturer's specifications, reference tables and books. It can also entail sound scientific and engineering calculations to determine worst case limits and estimation of limits and probability distribution types by suitably experienced people.
B. Probability distribution types for Type B evaluations
There are four probability distribution types that are commonly used for characterising the uncertainties in influence quantities of RF levels: normal, rectangular, triangular and U-shape.
The normal distribution type usually applies to quantities that may be the product of many random influences so that the central limit theory applies, such as uncertainty estimates provided on calibration certificates. This distribution is generally more applicable when calculating uncertainties for measured quantities rather than calculated ones.
The standard uncertainty, u(x i ), of a normal distribution is its standard deviation, σ.
The rectangular distribution is generally considered the distribution of minimal knowledge and represents a quantity that has equal probability of having a value anywhere in a defined range, and unlike a random variable is not more likely to be near the mean value than the extremes. The standard uncertainty for a rectangular distribution is calculated as u(x i ) = a/√3, where a is the semi-range of the rectangular distribution.
The triangular distribution is also specified in a defined range, but unlike the rectangular distribution is used for variables that are more likely to occur near the mean, and have reducing probabilities to zero as the limits of the range are approached. It represents more knowledge than the rectangular distribution, but less than the normal distribution. The standard uncertainty of a triangular distribution is calculated as u(x i ) = a/√6, where a is the semi-range of the triangular distribution.
The U-shape distribution is commonly used to represent variability when RF power is reflected at impedance mismatches along a transmission line.
The standard uncertainty of a U-shape distribution is calculated as u(x i ) = a/√2, where a is the semi-range of the U-shape distribution. Examples of its use in RF calculations are provided in [9] .
If the semi range of a distribution is not symmetric about the mean, then it can be made symmetric by introducing an appropriate systematic dB correction, t i for the evaluation. Alternatively, the smaller semi range can be made symmetric and equal to the larger semi-range, though this will produce a wider more conservative estimate of the uncertainty.
C. Degrees of freedom
For RF calculations, the standard uncertainty of each influence quantity is often difficult to accurately define and subject to its own uncertainty, as indicated by its degrees of freedom, ν i . Setting ν i , for a standard uncertainty, u(x i ), is thus useful for qualifying the level of confidence in the u(x i ) estimate. For type A evaluations, ν i is governed by the size of the statistical sample. For Type B evaluations, a large ν i (say 10 6 ) may be applied where confidence is high in the u(x i ) estimate, and for other cases the ISO GUM provides an approximate formula which may be used for all uncertainty distribution types:
where Δu(x i )/u(x i ) is the relative uncertainty in the dB uncertainty. Using this formula, relative uncertainties of 5%, 10%, 15% and 20% of dB probability bounds yield 200, 50, 22 and 12 degrees of freedom respectively. Where there is little information on the quality of the u(x i ) estimate (e.g. estimates obtained from specification sheets), then a relative uncertainty of 10% in the dB levels, and a corresponding ν i of 50, is a reasonable starting point.
D. Context
Uncertainty estimates should always be provided within a specified context to enable the reader to understand its meaning. For RF exposure assessments, some important contextual parameters are:
1. What is the output power state of the RF transmitter -e.g. maximum level, nominal level or operating level for low, medium, high or unspecified traffic conditions? 2. Do the evaluations incorporate field scattering in the local environment -e.g. from the ground or nearby scattering objects such as walls and mounting poles? 3. Have both E and H field evaluations been used to set an RF limit boundary? 4. Has any temporal &/or spatial averaging been applied to the field evaluations?
V. ASSESSING THE INFLUENCE QUANTITIES
A. Transmitter power output
The maximum power output of an RF transmitter is normally specified within a certain tolerance which is generally indicated as a ±dB range by the manufacturer of the device. Unless specified otherwise, the standard uncertainty for this tolerance can be reasonably assumed to have a normal distribution with 50 degrees of freedom.
If the uncertainty estimate is provided in the context of an operating condition, then the power variability during operation becomes a significant additional influence quantity.
For example, analog VHF and UHF TV transmission levels may vary over ~4 dB between white screen and black screen transmissions.
Assuming a triangular distribution symmetrical around the mean TV level output, the standard uncertainty for the state of the RF power output becomes u(x i ) = (4/2)/√6 = 0.82 dB, with a correction of -2 dB relative to the maximum level. The uncertainty in the estimate of the range of power level variation could be assumed to be ±15%, in which case there are 22 degrees of freedom for the uncertainty distribution.
Another common example of operational power variability is seen in mobile base station emissions. If an estimate was provided for all possible load conditions, then the power variation might be represented as a rectangular (minimum knowledge) distribution varying from 0 db (100%) to -7.0 dB (20%) relative to peak power level. The lower bound represents the minimum base load of the base station required for network configuration. In this case, a mean correction of -3.5 dB would be applied to the max level evaluation and the standard uncertainty can be calculated as u(x i ) = (7/2)/√3 = 2.02 dB. As the maximum and minimum bounds are well fixed, a high (e.g. 10 6 ) number of degrees of freedom may be assumed.
B. Transmission line and connector/component losses
These losses are normally specified within a certain tolerance which is generally indicated as a ±dB range by the designer/manufacturer of the RF transmission line or component.
Unless specified otherwise, the standard uncertainty for this tolerance can be reasonably assumed to have a normal distribution with 50 degrees of freedom.
C. Impedance mismatch
Data on power variability due to impedance mismatches between the components of an RF transmission line might be obtained by designer/manufacturer specifications or by measurements.
These uncertainties are normally represented by a U-shape distribution, with a systematic correction due to the loss of reflected power. Examples of mismatch uncertainty calculations are provided in [9] .
D. Accuracy of the RF field modeling technique -general
This influence quantity is arguably the most difficult to estimate. It includes a variety of contributing factors that are hard to separate such as: the validity of the numerical technique, model discretisation, numerical round off error, and the appropriateness of the model's physical parameters (e.g. antenna patterns, model geometry and material properties). The recommended approach in this paper for quantifying these uncertainties varies according to the type of numerical technique that was applied, as described in the following sub-sections.
E. Accuracy of the RF field modeling technique -full wave solutions
Full wave solutions are those numerical methods that provide complete solutions of Maxwell's electromagnetic (EM) equations such as MoM, FEM and FDTD. For most of these numerical methods, the modeled objects are composed of discretized elements or voxels with associated EM fields that are represented by mathematical basis functions. This characteristic of full wave modeling techniques lends them a wide degree of generality for assessment scenarios of varying physical structures and also provides the surveyor with a substantial amount of latitude in how the model is formulated. Consequently, the same assessment problem may be represented by many different model versions, with varying degrees of solution uncertainty.
For example, the way that the modeled object is discretized has an important influence on the accuracy of the solution. As a general rule, the error of numerical solutions improves with finer discretisation, though this is limited by practical constraints such as availability of computer memory and solution time, as well as a countervailing increase in numerical round-off error.
Uncertainty in the true representativeness of the model geometry and dielectric properties will also affect the model results.
In view of the above, it is recommended in this paper to test each model (or at least very similar versions of models) against validation benchmarks from independent sources (e.g. E and H measurements, antenna specification sheet data, or another type of full wave modeling technique) in order to gauge the uncertainty contribution due to error in the full wave modeling technique and model formulation that was applied. Some example validation benchmarks with validation target ranges are provided in Table I .
The estimate of the standard uncertainty of the modeling technique for E and H field estimates may be gauged by the number and stringency of validation tests passed. In general, the standard uncertainty that is estimated will diminish with the increasing number of validation tests that are passed, as well as with the increasing stringency of the tests. Determining the appropriate relationship of these factors with standard uncertainty is something that will require further research and trial and error. As a starting point, Table II lists standard uncertainties and degrees of freedom for passing various numbers of the validation tests listed in Table I .
TABLE I. VALIDATION PARAMETERS FOR RF CALCULATIONS
Validation parameter
Validation target range 
F. Accuracy of the RF field modeling technique -Friis equation
Power flux density, S, can be simply calculated in the far field (i.e., where the antenna pattern does not change with radial distance, d, using the Friis equation:
The uncertainty in this calculation technique may be considered negligible for far field estimates, though the uncertainty in the input parameters, radiated power (P) and linear gain (G), must still be considered. If the Friis equation is used in the radiating near field (d < 2D²/λ), or reactive near field (d < λ/2π), then a near field correction factor should be applied and the validation approach described for full wave methods is recommended.
G. Accuracy of the RF field modeling technique -RF emissions from a synthetic aperture
A number of calculation techniques represent an antenna by a synthetic aperture that consists of a virtual source of RF emissions from the antenna. These techniques generally rely on descriptive antenna parameters such as the far field gain pattern, the antenna type, and characteristic dimension(s) of the antenna for defining the size, shape and location of the synthetic aperture. The synthetic aperture techniques are generally used for near field calculations and may be blended with, or asymptote to, the Friis equation in the far field. Field exposures for this technique are commonly calculated by using equivalent sources (e.g. Hertzian dipoles or multipoles) arranged within the synthetic aperture which reproduce the defined far field pattern for the antenna. Alternatively, field estimates may be calculated by the application of semi-empirical near-field correction curves applied to the far field patterns.
For these techniques, it would be generally acceptable to provide uncertainty estimates for generic classes of antennas (e.g. dipoles, yagis, log periodics, parabolic dishes, panel antennas, etc). Such generic assessments should include a consideration of how the uncertainty may vary with distance (in wavelengths) and angle of approach to the antenna. For instance, uncertainty may change substantially at close distances to the antenna if the assumed synthetic aperture does not accurately coincide with the physically radiating antenna structure -this is particularly important for antennas with longitudinal propagation along antenna elements, such as occurs in a yagi antenna. Angle of approach may also affect uncertainty if different algorithms are used for different regions around the antenna, e.g. to the front side and back.
If a near field technique derived for E-field estimates is also used to assess H-field, then the additional uncertainty due to the extrapolation error must also be estimated.
H. Gain of the antenna
Antenna gain is an important source of uncertainty for calculations using the Friis equation or near field calculations based on synthetic apertures. In many cases, it is possible to obtain manufacturer's specification data of the far field gain for the horizontal radiation pattern (HRP) and vertical radiation pattern (VRP) of the antenna. Unless reliably indicated otherwise, it could be assumed that this data (and other antenna gain data obtained from a trustworthy source) will have a standard uncertainty of 1.5 dB with 50 degrees of freedom. If the nulls in an antenna pattern are deliberately filled in to provide conservative estimates, then the standard uncertainty must be altered accordingly to account for the asymmetric variability introduced by this approach.
If the gain is estimated by antenna pattern synthesis from the HRP and VRP in directions away from these planes, then an additional standard uncertainty must be estimated for the uncertainty in the approximation introduced by the antenna pattern synthesis technique. The characteristics of this uncertainty will depend on how the antenna pattern synthesis is formulated.
If the antenna gain varies across the frequency spectrum of the source, then it is acceptable to calculate the emissions at the mid range of the transmission spectrum, with an added uncertainty estimate for the effect of varying antenna gain across the transmission spectrum.
I. Scattering effects from nearby objects and the ground
Uncertainty due to environmental scattering at the evaluation point will vary according to the proximity to the radiating source and scattering objects. When evaluation is close to the source and far from scattering objects, the direct ray will generally predominate over reflected rays and this uncertainty is usually negligible.
However, antennas mounted on large solid objects (e.g. walls) may be substantially affected, so unless this influence has been explicitly accounted for in the modeling, its uncertainty influence must be considered. Numerical studies of generic antennas near reflecting plane wall(s) would be a relatively easy and conservative way of estimating this uncertainty.
For a reasonable rule of thumb for determining if reflection uncertainty is negligible, calculate the RF field levels around the source with no scatterers present, and determine the ratio of the field level at the evaluation point compared to the level where it impinges on the closest scatterer that lies in the same general direction away from the source. If this ratio is less than 0.5 dB, then the scattering uncertainty may be considered negligible. Note: 'U' is the expanded uncertainty of a normal distribution, and 'a' is the semi-span of a rectangular, triangular or U-shape distribution. In this example, the coverage factor, k, has been assumed to be equal to 2 for the influence quantities with normal distributions.
For low level environmental measurements, the uncertain influence of scattering becomes much more significant and should be considered. If the context of the assessment implies that it is valid over ground, then the reflected ground rays must either be estimated (e.g. in a two ray model) or the uncertainty of the influence of the neglected ground reflection rays must be considered. If ground reflections are calculated, then an uncertainty will also apply due to uncertainty in the condition of the ground (e.g. surface type, evenness, environmental clutter).
VII. DISCUSSION
In the area of RF hazard exposure assessments, uncertainty estimates for E and H field evaluations is something that is generally seen as a good idea, but daunting in the execution. Nonetheless it is increasingly becoming standard practice for measured RF assessments, especially with a growing trend towards laboratory quality accreditations for such assessments.
As a result, there has been a steady improvement in the proficiency and understanding of uncertainties in measured RF evaluations which not only provides a better indication of their quality, but also yields valuable understanding into what are the important sources of uncertainty in RF measurements. A key motivation for this paper is to help kick start a similar process of growing understanding of the quality and uncertainty of calculated RF evaluations.
Such a process is necessary if calculated RF exposure evaluations are to be accorded the same status as measured evaluations in regulatory RF exposure assessments. If we have no reasonable idea of the reliability and accuracy of a calculated evaluation, how can we accord it any credibility? Certainly there are some aspects of calculation uncertainties that are difficult and open to debate, but there are likewise similar areas in measured uncertainties that are also contentious, e.g. the effect of scattered RF fields from the measurer's body. This paper is not intended to be a definitive and final guide to estimating calculation uncertainties for RF human exposure evaluations, but is hoped to provide a reasonable starting framework for doing so.
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